Scope: Zinc deficiency results in immune dysfunction and promotes systemic inflammation. The objective of this study was to examine the effects of zinc deficiency on cellular immune activation and epigenetic mechanisms that promote inflammation. This work is potentially relevant to the aging population given that age-related immune defects, including chronic inflammation, coincide with declining zinc status. Methods and results: An in vitro cell culture system and the aged mouse model were used to characterize immune activation and DNA methylation profiles that may contribute to the enhanced proinflammatory response mediated by zinc deficiency. Zinc deficiency upregulated cell activation markers ICAM1, MHC class II, and CD86 in THP1 cells, which coincided with increased IL1␤ and IL6 responses following LPS stimulation. A decreased zinc status in aged mice was similarly associated with increased ICAM1 and IL6 gene expression. Reduced IL6 promoter methylation was observed in zinc-deficient THP1 cells, as well as in aged mice and human lymphoblastoid cell lines derived from aged individuals. Conclusion: Zinc deficiency induced inflammatory response in part by eliciting aberrant immune cell activation and altered promoter methylation. Our results suggested potential interactions between zinc status, epigenetics, and immune function, and how their dysregulation could contribute to chronic inflammation.
deficiency was associated with increased inflammation in cell culture models, as well as in murine models of microbial sepsis, allergic airway inflammation, and aging [5] [6] [7] [8] [9] . However, to date the precise mechanisms by which zinc deficiency contributes to enhanced inflammation is not well understood.
The elderly population is particularly at risk for zinc deficiency. A decline in zinc status is observed with age, likely due to a combination of inadequate dietary zinc intake, and age-related alteration in the utilization, distribution, and absorption of zinc [10] [11] [12] [13] . Importantly, immune defects associated with aging share many similar features as zinc deficiency. One of the many hallmarks of aging is chronic inflammation. Increases in inflammatory mediators in the blood are significant predictors of morbidity and mortality in aged individuals, and chronic inflammation can contribute to the promotion of many age-related diseases, including cardiovascular disease, type-2 diabetes, cancer, and autoimmune diseases [14, 15] . Reduced zinc status with age may be one of the factors contributing to age-related chronic inflammation.
Zinc homeostasis is involved in the signaling events in a variety of immune cells, where changes in intracellular zinc can trigger immune cell signaling and activation [16] [17] [18] [19] . Altered intracellular zinc levels due to zinc deficiency could potentially result in aberrant signaling, inappropriate cell activation, and dysregulated proinflammatory response [20, 21] . During aging, cellular signaling regulation and immune activation have been shown to be altered [22, 23] . Age-related zinc deficiency may play a role in the dysregulation, as a reduction in intracellular zinc in immune cells was associated with aberrant immune activation and increased inflammatory response in aged mice [8] . In addition, age-related epigenetic alterations, including changes in DNA methylation profiles, can result in aberrant gene expression, and potentially play a role in chronic inflammation [24] [25] [26] [27] . We had previously shown that age-related changes in DNA methylation status resulted in dysregulated zinc transporter expression [8] . Similarly, others have shown that zinc deficiency may enhance proinflammatory response via epigenetic mechanisms [28] . However, the role of age-related zinc deficiency on DNA methylation changes, and their contribution to chronic inflammation, remains to be clarified.
Increasing evidence indicates zinc deficiency likely enhance inflammatory response via multiple mechanisms. One of the focuses of our laboratory is to understand the underlying cellular and epigenetic mechanisms by which zinc deficiency mediates the chronic inflammatory immune response.
The goal of this current study is to characterize changes in immune activation and DNA methylation profiles during the course of zinc deficiency that may contribute to the induction of proinflammatory response. We hypothesize that zinc deficiency, induced using an in vitro cell culture system as well as in the aged mouse model, can promote chronic inflammation in part by triggering immune cell activation, as well as by altering DNA methylation status of genes involved in the induction of a proinflammatory response.
Materials and methods

Cell culture, in vitro zinc depletion, and LPS treatments
Human monocytic cell line, THP1, was obtained from American-Type Tissue Collection (Manassas, VA, USA). Cells were grown in RPMI 1640 culture medium with 10% fetal bovine serum (FBS), and maintained in humidified incubators with 5% CO 2 at 37ЊC. To create zinc-deficient (ZD) culture media, zinc was removed from FBS as previously described [8] . Briefly, FBS was incubated with Chelex 100 (10% w/v; Sigma, St. Louis, MO) overnight at 4ЊC with constant stirring. Zinc-adequate (ZA) control media was made by replenishing zinc (4 M ZnSO 4 ) in ZD media to levels similar to culture media made with non-Chelex-treated FBS. Calcium and magnesium were added back to all Chelex-treated media to levels similar to non-Chelex-treated media. Mineral concentrations of calcium, magnesium, iron, copper, and zinc in ZA and ZD media were verified by inductively coupled plasma optical emission spectrometry (ICP-OES). THP1 cells were cultured in ZA media (4 M ZnSO 4 ) or ZD media (0 M ZnSO 4 ) for up to 3 wk prior to the evaluation of proinflammatory response in the respective groups. Proinflammatory response was induced using LPS (Sigma). ZA or ZD THP1 cells were seeded in 24-well tissue culture plates at 5 × 10 5 cells/well, and treated with 0 or 100 ng/mL LPS for 24 h for flow cytometry and proinflammatory cytokines analyses. In groups treated with DNA demethylating agent, 5-aza-2deoxycytidine (AZA; Sigma), 5 M AZA was used and cells were incubated with AZA for 48 h prior to LPS treatment. Cells and culture supernatants were collected 24 h post-LPS treatment for subsequent analyses.
Animal study
Young (2 months) and aged (26 months) female C57Bl/6 mice were purchased from the aged rodent colonies at the National Institute on Aging (NIA; Bethesda, MD, USA). Mice were housed in a temperature-and humidity-controlled environment and fed a ZA diet containing 30 mg/kg zinc [29] . Food and water were provided ad libitum. Following 1-wk acclimation period, mice were euthanized and spleens were collected and stored in RNALater (Life Technologies, Grand Island, NY, USA) for subsequent DNA and RNA isolation. The animal protocol (ACUP#4204) was approved by the Oregon State University Institutional Laboratory Animal Care and Use Committee.
Human aging repository DNA panel
NIA aging cell repository DNA panel and matching young controls were purchased from Coriell Cell Repositories (Camden, NJ, USA). The aging panel contained genomic DNA isolated from human lymphoblastic cell lines derived from ten individuals between 92 and 101 years (five females, five males). Genomic DNA isolated from lymphoblastic cell lines derived from ten young individuals (between 20 and 28 years, five females and five males) were used as young control.
Total and intracellular zinc measurements
Total and intracellular zinc concentrations in ZA and ZD THP1 cells were determined as previously described [8] . Total zinc concentrations were determined by ICP-OES, where samples (THP1 cell pellets containing 5 × 10 6 cells each) were digested in 0.5 mL 70% ultrapure nitric acid and incubated overnight. Incubated samples were diluted with Chelextreated nanopure water to a final concentration of 7% nitric acid, centrifuged and analyzed using the Prodigy High Dispersion ICP-OES instrument (Teledyne Leeman Labs, Hudson, NH, USA) against known standards. Intracellular zinc levels were determined using FluoZin-3 acetoxymethyl ester (FluoZin-3), a cell permeable, zinc-specific fluorescent indicator that measures intracellular free zinc (Molecular Probes, Eugene, OR, USA). Cells were labeled with 1 M FluoZin-3 for 30 min at 37ЊC and washed once in PBS. Intracellular zinc levels, as determined by FluoZin-3 mean fluorescence intensity, were analyzed by flow cytometry.
Flow cytometry analyses of cell activation markers
THP1 cells (untreated and LPS-treated) were resuspended in flow cytometry buffer (PBS, 2% FBS, 1 mM EDTA), and incubated with antibodies specific against CD54 (intercellular adhesion molecule 1, ICAM1), CD86, and HLA-DR (MHC class II) for 30 min on ice in the dark (eBioscience, San Diego, CA, USA). Unstained cells were used as negative control. Labeled cells were washed twice and resuspended in buffer for flow cytometry analysis. Data were acquired using FACSCalibur (BD Biosciences, San Jose, CA, USA). Data were analyzed using Summit software (DakoCytomation, Fort Collins, CO, USA).
Proinflammatory cytokine measurements
THP1 culture supernatants were collected 24 h post-LPS treatment for cytokine analysis by ELISA. Quantification of human cytokines IL-1␤ and IL-6 was detected using cytokinespecific Ready-SET-Go! R ELISA kits from eBioscience.
Gene expression analyses
Total RNA was isolated from the spleens of young and old mice using TRIzol (Life Technologies), and reverse transcribed into cDNA using SuperScript III First-Strand Synthesis SuperMix for quantitative real-time PCR (Life Technologies). The following PCR primers were used for real-time PCR: mouse IL6 (forward: GAGGATACCACTCCCAACAGACC, reverse: AAGTGCAT-CATCGTTGTTCATACA), mouse ICAM1 (forward: TTCA-CACTGAATGCCAGCTC, reverse: GTCTGCTGAGACCC-CTCTTG), and mouse 18S ribosomal RNA (18S) (forward: CCGCAGCTAGGAATAATGGAAT, reverse: CGAACCTCC-GACTTTCGTTCT). Real-time PCR reactions were done using Fast SYBR Green Mastermix (Life Technologies) on 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Gene copies were determined using the standard curve method. A standard curve was generated from serial dilutions of purified plasmid DNA that encoded for each gene of interest. Data represent the copy number of the gene of interest normalized to the copy number of 18S housekeeping gene, and normalized fold-change relative to control was shown.
DNA methylation analyses
Genomic DNA was isolated from THP1 cells and mouse spleens using DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA). For pyrosequencing, genomic DNA was treated with sodium bisulfite using EpiTech Bisulfite kit (Qiagen). Pyrosequencing PCR and sequencing primers were designed using PyroMark Assay Design version 2.0.1 software (Qiagen). Human IL6 pyrosequencing primers were designed to encompass the IL6 promoter region where the methylation status was associated with IL6 gene regulation [25] : forward primer (AGGGTTTTTGAATTAGTTTGATT-TAATAAG), biotinylated reverse primer (CTCCCTCTC-CCTATAAATCTTAAT), and sequencing primer (ATT-TAATAAGAAATTTTTGGGTG). Mouse IL6 pyrosequencing primers were designed to encompass analogous promoter region as in human IL6: biotinylated forward primer (TGTTTAGGTTGGGTGTTG), reverse primer (ACCC-TAAAAAACATAAACACTCTTC), and sequencing primer (AAACTAAAACTAATATTATTTAAAC 
Statistical analyses
Statistical analyses were done using GraphPad Prism Version 5.02 (GraphPad, La Jolla, CA, USA). All data were reported as mean ± SEM. p values were determined using unpaired t-test, one-way ANOVA, or two-way ANOVA where appropriate. Bonferroni post hoc tests were performed to determine differences among the means when there was a significant main effect in one-way or two-way ANOVA. Statistical significance was defined as p ࣘ 0.05.
Results
Zinc deficiency induced increased cell activation and increased proinflammatory response in THP1 cells
Macrophages and their monocyte precursors play an important role in the initiation, maintenance, and regulation of the inflammatory process [30, 31] . THP1 is a human acute monocytic leukemia cell line that can develop a macrophage-like phenotype and function upon stimulation. When activated with phorbol 12-myristate 13-acetate (PMA), THP1 monocytes acquire a macrophage-like phenotype and function that is characterized by the differentiation into adherent, well spread macrophages. This differentiation and activation is accompanied by the upregulation of cell surface expression of ICAM1, MHC class II (HLA-DR), and costimulator molecule CD86, among others. These hallmarks serve as surrogate markers for cell activation that primes the macrophages for the rapid and robust induction of a proinflammatory response upon exposure to an inflammatory stimulus such as LPS [32] [33] [34] . In the absence of any differentiation signal or proinflammatory stimulation, THP1 cells cultured in ZA media maintained characteristics of an undifferentiated monocyte phenotype, where cells remained rounded and in suspension.
In contrast, we observed that THP1 cells cultured in ZD media had increasing cell adherence and altered cell morphology over time. By day 25, ZD THP1 cells were highly adherent, with distinctly flattened morphology that resembled activated macrophages despite the absence of PMA treatment or any other stimuli (Fig. 1A) . Increased cell adherence correlated with reduced total and intracellular zinc content ( Fig. 1B and Supporting Information Fig. 1, respectively) . Flow cytometry analyses showed that increased cell adherence in ZD THP1 cells was associated with a significant and progressive increase in the expression of cell activation markers ICAM1, HLA-DR, and CD86 when compared to ZA THP1 cells. Upon LPS stimulation, all three cell activation markers were further upregulated, and were significantly higher in ZD THP1 cells compared to ZA THP1 cells ( Fig. 2A-D) . Our data suggested that zinc deficiency resulted in the activation of THP1 monocytes to acquire a macrophage-like phenotype. We next tested whether increased cell activation mediated by zinc deficiency was accompanied by an increase in proinflammatory response in THP1 cells. IL1␤ and IL6 production were determined in both untreated and LPS-stimulated ZA and ZD THP1 cells. There was no significant production of IL1␤ and IL6 in unstimulated ZA and ZD THP1 cells ( Fig. 2E and F). Upon LPS stimulation, production of IL1␤ and IL6 was observed in ZA THP1 cells. LPS-treated ZD THP1 cells had significantly increased IL1␤ and IL6 production compared to ZA THP1 cells after 2-wk culture in ZD media. IL6 production in ZD THP1 cells was further increased after 3-wk culturing period ( Fig. 2E and F) . Similar temporal increase in TNF␣ and MCP1 was observed in ZD THP1 cells (data not shown).
Zinc deficiency resulted in decreased IL6 promoter methylation
Epigenetics, including DNA methylation, are important mechanisms in the regulation of inflammatory genes [27] .
In particular, the methylation status of proinflammatory cytokine genes may play a role in the pathogenesis of inflammatory diseases [25, 35, 36] , and DNA demethylation via the use of AZA have been shown to induce the production of proinflammatory cytokines [36] [37] [38] . Zinc deficiency has been proposed to have effects on the epigenome. In particular, zinc deficiency may alter DNA methylation profiles, as zinc likely has an important function in maintaining methylation status in the cell [9, 39] . To determine how methylation status affects the proinflammatory response, THP1 cells were treated with the DNA demethylation agent, AZA, for 48 h prior to LPS stimulation. DNA demethylation significantly increased the production of LPS-induced proinflammatory cytokine IL6 but not IL1␤ (Fig. 3A and B) . We therefore focused our subsequent DNA methylation analyses on IL6. We targeted a specific IL6 promoter region that methylation status has shown correlation with IL6 gene regulation, and was associated with the pathogenesis of rheumatoid arthritis, a proinflammatory autoimmune disease [25] . As expected, AZA treatment resulted in a significant decrease in IL6 promoter methylation compared to untreated ZA control (Fig. 3C ). We further showed that zinc deficiency resulted in progressive IL6 promoter demethylation in ZD THP1 cells. A significant decrease in IL6 promoter methylation was observed in ZD THP1 cells after 2-wk culture in ZD media compared to ZA control (Fig. 3C) . A significant further decrease in IL6 promoter methylation was observed in THP1 cells cultured for 3 wk in ZD media. Decreased IL6 promoter methylation coincided with both increased IL6 production and reduced cellular zinc level. Our data suggested that zinc deficiency resulted in a decrease in IL6 promoter methylation that could contribute to enhanced IL6 response. There were no significant differences in total DNA methylation levels between ZA and ZD groups (Fig. 3D) . Thus ZD-mediated decrease in DNA methylation was site-specific, and not attributed to a global decrease in DNA methylation.
Aging was associated with increased ICAM1 and IL6 gene expression and decreased IL6 promoter methylation
We had previously shown that age-related decline in zinc status in mice, particularly in immune subsets, may be one potential mechanism that contributes to increased susceptibility to inflammation with age [8] . To determine if the effects of zinc deficiency we observed in THP1 cells extend to immune cells in aged mice, we examined ICAM1 and IL6 gene expression, as well as IL6 promoter methylation in the spleens of young (2 months) and aged (26 months) mice. Aged mice had significantly reduced serum zinc levels compared to young mice despite being fed a ZA diet ( [8, 29] and Fig. 4A ). Similar to what was observed in ZD THP1 cells, spleens from aged mice had a significant increase in ICAM1 and IL6 gene expression ( Fig. 4B) . Moreover, aged mice had significantly decreased IL6 promoter methylation compared to young mice (Fig. 4C ). We next determined if reduced IL6 promoter methylation was similarly observed in the elderly human population. IL6 promoter methylation status was examined using DNA isolated from human lymphoblastic cell lines derived from young (20-28 years) and aged (92-101 years) individuals (Fig. 4D ). IL6 promoters in the majority of young individuals (eight out of ten) were highly methylated (ࣙ75% methylation). In contrast, IL6 promoter methylation was highly heterogeneous among older individuals, and in general exhibit lower IL6 methylation compared to young individuals (five out of ten individuals with ࣙ75% methylation). Our data suggested that age-related immune and epigenetic alterations shared similarities to hallmarks of zinc deficiency, and the decline in zinc status with age may contribute to immune dysfunction and chronic inflammation.
Discussion
Zinc deficiency results in significant adverse health outcomes due to the necessity of zinc in numerous cellular functions, its role in protein structures and functions, and its involvement in gene regulation as well as intracellular signaling.
In the context of the immune system, zinc deficiency results in a diverse array of immune defects, attributed to the dysfunction of numerous immune subsets involved in both adaptive and innate immunity. In particular, zinc deficiency has been associated with increases in inflammatory cytokines and other markers of inflammation. However to date, the precise mechanisms by which zinc deficiency contributes to increased inflammation remain to be clarified. In this study, we examined previously unexplored cellular and epigenetic mechanisms by which zinc deficiency promotes inflammation. Our data suggested that zinc deficiency contributed to increased immune cell activation that primed THP1 monocytes for the induction of a proinflammatory response. At the same time, DNA methylation status was altered by zinc deficiency. We showed that ZD THP1 cells had decreased IL6 promoter methylation that likely contributed to increased IL6 production. Both mechanisms were observed with aging, suggesting a potential link by which zinc deficiency contributes to increased inflammation with age. Macrophages and their monocyte precursors play an important role in the inflammatory process [30, 31] . In particular, dysregulation in the activation, function, and trafficking of monocytes and macrophages can contribute to chronic inflammatory response such as those observed with age [22, 40, 41] . Previous reports indicated that zinc deficiency can modulate monocytes differentiation, as well as proinflammatory cytokine signaling and expression [20, 28, 42] . In these studies, zinc deficiency was achieved via the use of a membrane permeable zinc chelator that resulted in rapid chelation and removal of intracellular zinc, and monocyte differentiation to macrophage was accomplished in the presence of differentiation agents such as PMA or 1␣, 25-dihydroxyvitamin D3. In this study, we for the first time were able to show that a physiologically relevant and gradual zinc depletion could lead to aberrant immune cell activation and differentiation in the absence differentiation signal. Moreover, this loss in intracellular zinc may contribute to increased monocyte responsiveness to the induction of a proinflammatory response. It has been reported recently that in primary peripheral blood mononuclear cells, Chelex-treated medium could augment cytokine production independent from its capability in zinc removal [21] . We did not observe this in our THP1 cells system where our untreated ZA and ZD THP1 cells, both similarly exposed to Chelex-treated media, did not produce spontaneous proinflammatory cytokines in the absence of LPS stimulation. Differences in results may be attributed to the use of very different cell culture system that differed in their sensitivity to Chelex. In the context of aging and immunosenescence, it has been observed that zinc deficiency results in a wide spectrum of immune defects that shares remarkable similarities to those associated with aging. A decline in zinc status during aging is potentially one of the factors resulting in the progressive decline and dysregulation of immune function with age [43] . In particular, zinc deficiency may play a role in promoting age-related chronic inflammation, one of the underlying etiologies of many age-related diseases [9] . In our current study, a similar increase in cellular activation was observed in aged mice, suggesting a potential mechanism where age-related zinc deficiency could prime immune cells for the induction of a proinflammatory response.
Epigenetics, including DNA methylation and histone modifications, plays a critical role in the regulation of gene expression, including the control of various immune cell populations [44] [45] [46] [47] . Dysregulation in the epigenetic processes can result in altered gene expression via transcriptional activation or repression. Epigenetic dysregulation is associated with ag-ing, characterized by alterations in DNA methylation and histone modifications [26, 48, 49] . Among other factors, nutritional deficiencies may play an important role in age-related epigenetic modifications that result in increased susceptibility to age-related diseases including chronic inflammation, autoimmunity, and cancer [50] . In particular, increasing evidence suggests that zinc deficiency can affect the epigenome. Zinc deficiency has been associated with increased chromatin accessibility of proinflammatory cytokine promoters [28] , as well as decreased DNA and histone methylation [39] . Oxidative stress that can be induced by zinc deficiency has also been shown to alter DNA methylation [51] . In this study, we explored the effect of zinc deficiency on DNA methylation in the context of inflammation. We showed, for the first time, that zinc deficiency induced a progressive demethylation of the IL6 promoter in THP1 cells that correlated with increased IL6 expression. Our results further suggested that IL6 promoter methylation may also be reduced with age in human population. One limitation in the use of DNA derived from human lymphoblastoid cell lines was that it may not accurately reflect what is occurring in primary blood cells. An important future direction would include repeating our studies with the use of primary human PBMCs or monocytes to determine the promoter methylation status in young and old subjects. In this study, we focused on IL6 as it was most responsive to AZA treatment. It would be of significant interest to examine the effects of zinc deficiency on DNA methylation status of other proinflammatory cytokines including IL1␤, IL8, and TNF␣ that could also be regulated epigenetically in future studies [28, 36] . Our results suggested a potential epigenetic link between zinc deficiency and age-related chronic inflammation, where zinc deficiency associated with age may result in promoter hypomethylation and increased expression of proinflammatory cytokines. A chronic inflammatory state, in turn, can promote additional epigenetic alterations including aberrant DNA methylation [52] , resulting in further dysregulation of zinc homeostasis by altering promoter methylation and expression of zinc transporters [8, 53, 54] . Currently it is unknown whether zinc deficiency results in depletion of all intracellular zinc, or if particular zinc pools are more affected. Further, it is not well understood the mechanisms by which zinc deficiency affects epigenetic targets that result in DNA methylation alterations. Some postulated epigenetic mechanisms include the effects of zinc deficiency on chromatin access [28] , alteration of methyl donor pools [39] , as well as alterations in zinc-containing enzymes such as DNA methyltransferases and histone deacetylases [55, 56] . However, the key link between zinc and DNA methylation remains to be elucidated. It is likely that zinc deficiency impacts DNA methylation status via multiple mechanisms. An important future direction of this work is to understand the mechanism by which zinc deficiency alter DNA methylation, and examine how zinc supplementation may impact these mechanisms.
Results from this study contribute to our understanding of the role of zinc deficiency in promoting inflammation.
An important area of continuing research will be to clarify interactions between zinc status, epigenetics, and immune function, and how their dysregulation contribute to chronic inflammation. Given the aging population is highly susceptible to zinc deficiency and chronic inflammation, identifying the mechanisms by which zinc status influence the inflammatory process could aid in developing strategies in reducing the disease burden associated with chronic inflammation in the elderly population.
